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SUMMARY 
(1) A major visual component of the prey capture behavior in the bulldog 
ant Myrmecia gulosa (F . ) can be evoked consistently in an isolated head 
preparation in which the only response determinant is visual . The actual 
behavioral component consists of a fairly stereotyped snapping of the 
mandibles in response to an approaching object. 
(2) Both the size and the location of the target in the visual field 
determine the point at which the jaws open and close. The smaller an 
approaching target, the closer it must come to the jaws to trigger the 
behavioral sequence; the relation between target size and this distance 
is linear through a point at the jaw tips (Fig . 4). This indicates an 
ambiguity between size and distance rather than an ability to judge 
distances absolutely. 
(3) The response is independent of target approach velocity (Fig . 5). 
If it is hypothesized that there is a trigger point in the visual field, 
the latency calculated from the velocity/distance relationship about this 
point is 120-140 msec. The stepwise increase of target brightness from 
I• 
black to white yielded no difference in this trigger distance , although a 
significant increase in variance was seen with the lighter targets (Fig . 6) . 
(4) In only 14% of monocular tests could the behavior be evoked at all, 
but in these tests the response was triggered at the same distances as in 
the binocular tests, although the variance of the response was significantly 
increased (Figs . 7, 9), In these experiments with the bulldog ant, binocularity 
appeared to add no special sensation to the ant's visual capabilities; only 
a doubling of visual input, and a concomitant increase in response precision . 
(5) Targets were presented from different directions to discover whether all 
areas of the retina contribute equally to the snapping behavior . In the 
horizontal plane, the optimum response was measured when the target approached 
along the median axis (Fig. 9A, B), while in the vertical plane , target 
approach from approximately 5° below the horizontal was optimal (Fig . 10~, B) , 
(6) The frontal visual field of M. gulosa was measured optically with 
the pseudopupil technique, which indicates that this ant has a frontal 
region of binocular overlap of nearly 60° (Figs. 11, 14). A contour plot 
of the spacing of facets at 10° intervals has been overlaid upon a 
scanning electron micrograph of a bulldog ant eye as a map (Fig. 14). 
(7) To clarify whether a particular zone of the eye is responsible for 
triggering the behavior, projections of the visual axes were drawn, with 
the size/distance and peripheral stimulation results superimposed. A 
small retinal area in the binocular region of both eyes correlates well 
with the target positions producing responses in these experiments. This 
suggests that to trigger the snapping response, an approaching object 
has to cross through the fields of a highly localized group of ommatidia. 
Although response variability restricts the precision with which this 
area can be delineated, it is probably no more than three facets wide, 
and may be as narrow as one facet wide in a particular animal. 
(8) The meaning of the apparent inability to make distance judgements 
seen here in the bulldog ant and elsewhere in other species is considered 
in the discussion, as is the role of binocularity and the implications 
of receptive field limitations to a small retinal area. 
L • 
INTRODUCTION 
The localization of objects in space is clearly a major sensory 
capability, particularly in prey capture and defense when response speed 
is of the essence. Among invertebrates, those which capture prey by 
striking have received most attention in the study of how distance might 
be judged (Aeschna larvae: Baldus, 1926, Etienne, 1969; Cicindela: 
Friederichs, 1931; mantids: Maldonado and Barros-Pita, 1970, Barros-Pita 
" and Maldonado, 1970, Levin and Maldonado, 1970), No neural mechanism has 
yet been described for these estimations of distance, and while they have 
been described as absolute on the basis of trials with constant sized 
targets (Baldus, 1926; Friederichs, 1931; Maldonado and Barros-Pita , 1970), 
the little-noted presentation of different sized targets suggests that in 
fact a size/distance ambiguity may occur. In addition, the involvement 
of binocular vision in localization and prey capture behaviors is almost 
certain, but the issue has been clouded by the implication of a mechanism 
commonly ascribed ,to binocularity. A more promising clue to an underlying 
mechanism has come from the importance of restricted parts of the visual 
field as found in the strike and other behaviors involving object 
localization (Baldus, 1926; Friederichs, 1931; Barros-Pita and Maldonado, 
1970; Reichardt and Wenking, 1969; Collett and Land, 1975). 
Object localization is a complex behavior; a composite to which 
both visual and non-visual sensory inputs contribute . In the investigation 
of the visual components of the behavior, it is clear that non-visual 
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inputs like olfaction must be controlled, and yet live prey has frequently 
been used for targets (Baldus, 1970; Friederichs, 1931; Maldonado and Barros-
Pita, 1970). Habituation to repeated stimuli can also add complexity to the 
study of localization behavior (Balderrama and Maldonado, 1971) . 
Complex behaviors with several components like object 
localization are not yet amenable to electrophysiological analysis when 
taken in full, while fairly simple and stereotyped behaviors can be powerful 
neurophysiological tools (See Hoyle, 1975 for review). For this reason, 
it is clearly valuable to be able to extricate from the complex behavior 
one aspect which involves a single behavioral component and only one 
major sensory modality . The other sensory components may then be added 
in stepwise, and their effects on the system quantified. 
The bulldog ant Myrmecia gulosa Fabricius is an animal well 
suited to the study of object localization. A very active, highly visual 
predator, M. gulosa is also well known for its aggressive behavior and 
4. 
attacks on intruders in its territory (Clark, 1925 a,b; Haskins and Haskins, 
1950; Freeland, 1958; Gray, 1971). The ants behave obligingly in laboratory 
conditions, and will exhibit a range of what I interpret as prey capture/defense 
behaviors while tethered. Like the prey capture repertoire of other insects, 
this complex behavior almost certainly involves visual and olfactory 
inputs as well as tactile information from forelegs, antennae and mandibular 
hairs (Robertson, 1971; Haskins et al., 1973). 
To limit the possible sensory inputs to those of a single 
sensory system, the experiments described in this report have utilized 
isolated ant heads without antennae. Vision is then the main sensory 
modality, and although the mandibular hairs remain, they are uninvolved 
in the presentation of visual stimuli. With other sensory possibilities 
removed, an approaching target elicits a visually mediated snapping which 
is stereotyped and easily monitored. I have interpreted this to be a major 
component of the prey capture complex, although by no means should it be 
considered as the only component, since the behavior described below is 
almost certainly modulated by other sub-systems. In contrast to the 
behavior of the intact animals, this snapping is also non-habituating, 
allowing experiments which involve repeated stimulus presentation . 
In these experiments, the visually mediated snapping behavior 
of isolated bulldog ant heads has first been characterized with respect to 
targets of varying size, demonstrating that absolute estimations of 
distance with different sized targets are not made in these conditions . 
s. 
Other parameters of the target, velocity and greyness, have been shown to 
have little fundamental effect on the snapping behavior . Secondly, the 
animal's visual field has been altered to illustrate that the role of 
binocularity may be to provide adequate amounts of input rather than 
information of a qualitatively different sort from that available monocularly . 
In addition it has been demonstrated with the aid of optical measurements 
that the reception of stimuli which lead to the snapping behavior in the 
isolated head is restricted to a small group of facets in the region of 
binocular overlap. 
The possibility of unambiguous distance judgements, the 
uses of binocularity and the significance of receptive field localization 
are considered in the discussion. 
MATERIALS AND METHODS 
Experimental animal 
Animals used in this study were major workers of the Australian 
bulldog ant Myrmecia gulosa Fabricius. This is the larger of the two 
castes in this species, and comprises the ants which execute foraging and 
defense duties (Wilson, 1963) . Each of the two populations used was 
collected as 200-400 ants from the same nest in coastal New South Wales 
near Nowra. Collection of the entire colony, including the queen, did 
not appear to be important in the maintenance of social structure. As 
long as several hundred workers of both castes and some brood were 
provided with a large nest box complete with areas for tunnelling and 
foraging (adapted from Freeland, 1958), the animals appeared to live 
and behave quite normally for periods of 4-6 months, by which time the 
reduction in numbers by removal for experimentation was severe. Small 
groups of animals separated from the nest structure would usually die 
within a week. 
The ants were fed daily with honey water and freshly killed 
Galleria larvae or cockroaches. They were maintained at 2~C with 14 hours 
of light daily (Sylvania "Grolux", 10 cm from the side screen of the cage, 
and normal fluorescent and incandescent room lighting). 
Animals selected for experimentation were those major workers 
which would react defensively to forceps inserted into the nest for 
collecting and feeding purposes. This criterion was used as an attempt 
to avoid developmental variation, since all major workers may not be 
equally involved in defense and prey capture duties due to age-dependant 
division of labor (Wilson, 1963) . Animals thus collected were segregated 
in small jars containing some nest dirt and eucalyptus leaves, and left 
overnight beforean experiment. This appeared in preliminary experiments 
to heighten the probability that the preparation would actively respond. 
Preparation of animals for behavioral experiments 
Before an experiment, an animal which had been starved was 
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cooled just to the point of inactivity and tethered by a stick waxed 
to its thorax . The ant was then allowed to recover with its legs in 
contact with a small styrofoam ball, which it would hold and walk on 
when it had warmed fully (Fig. 1). Then, objects were presented to the 
ant to test its alertness. When an ant had recovered to the extent that 
it would show the startle, turn, fix and follow responses of a normal 
animal, it was beheaded and the antennae were excised close to their 
bases . The head was then mounted with non-toxic glue ("Aquadhere", Selleys 
Pty . Ltd.) on a Perspex stand. Care was taken to orient the head so that 
normal spatial positioning of the eyes was maintained . The stand was then 
placed in the stimulus arena and centered on the approach radius of the 
target. 
Apparatus for behavioral experiments and monitoring techniques 
The white cardboard arena (Fig . 2A) was lit from above with 
a 60W incandescent lamp which was diffused by a sheet of tracing film 
acting as the ceiling. This arena provided the ant with a homogenous 
field of view of approximately 300°. The remainder was left open for 
viewing by the experimenter who remained still and to the side during 
trials. The floor was covered with a sheet of acetate that had been 
sprayed with Teflon (PTFE, Townson and Mercer Pty . Ltd.) to make it as 
smooth as possib l e. This eliminated the tendency of the magnetized target 
to grab or jerk, and provided smooth target progression . The target, glued 
to the top of a small magnet, was moved along the false floor by another 
magnet attached to a belt and pulley system powered by a 30V DC motor 
(#B-3A-671, Globe Industries Inc., Dayton, Ohio). Target speed could be 
controlled with a potentiometer on the power supply, and a handset with 
forward/reverse and pushbutton "on" facilitated control of target movement . 
The location and speed of the target were noted as a flag,attached to the 
magnet which moved the target,interrupted a light below the floor which 
fell on two phototransistors 5 cm apart and 3.5 cm from the head . The 
phototransistors fed into a chart recorder, from which the time between 
7. 
1 cm 
Fig. 1: A typical major worker of the bulldog ant, Myrmecia gulosa, 
tethered by the thorax and holding a small ball on which it will walk. 
Such an animal will exhibit a well defined behavioral sequence when an 
interesting object is brought into its field of view, especially if the 
object is within reach (see text). 
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Fig. 2: A. The stimulus arena. The ant head (H) looks into the arena (A) 
at the target (T) which moves along the false floor (Ff), Target motion is 
controlled by the motor (M) driving a belt (B) and is monitored when the 
flag (F) casts a shadow on two phototransistors (Ph1 and Ph2). Jaw 
movements are monitored by another phototransistor (Phj). Usual target 
traverse is 30 cm, and the light source (L) is 0.5 M above the head. 
B. Close up view of the head mount and the placement of the phototransistor 
0 
The head is mounted on a swivel base which allows yaw through ±25 , 
and the holder can be turned 90° in the base to permit pitch movements. 
Dotted line indicates coordinates assigned to the directions of view of the 
eyes: facets directed into the region of overlap are arbitrarily designated 
positive, and those directed laterally, negative, with 0° as the facets 
which look straight ahead. 
the two signals could be calculated (chart distance/chart rate). Dividing 
this time into the 5 cm separation yielded a measurement of target speed 
for each trial. At the potentiometer setting used for most experiments, 
the speed was 1 . 8 ± 0 . 2 cm/s. This magnitude of error is negligible in 
terms of response variation (see Fig. 4). Because the point at which 
the responses were triggered was 25-30 cm past the starting point of 
the motor, target acceleration was assumed to be zero over the critical 
interval before triggering. 
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In a trial, the target was moved forward until snapping began, 
then it was stopped and reversed. Because the target was not slowed before 
snapping occurred, deceleration could not have been a cue for the response. 
Jaw movements were monitored with a phototransistor placed at 
the point of maximum excursion of the right mandible (Fig. 2B), All responses 
involved an initial opening of the jaws to their maximum extent, so the 
placement of the phototransistor was adequate for response measurements 
and prevented recording the random sub-response level movements which 
sometimes appeared in unsuccessful trials or between stimuli. Movement 
of the jaws was always symmetrical in a real response, and visual 
monitoring prevented the occasional asymmetric movement from being 
recorded as a response, The light level in the arena was sufficient to 
activate the phototransistor, and the small shadow cast by the jaws was 
easily registered. 
General experimental procedure and data analysis 
Except where noted, a given experimental treatment was performed 
on five ants, and each ant was given 8-10 trials, spaced at intervals of 
30-90 seconds, for each treatment. Precise control of the interval within 
this range appeared unimportant to the occurrence or timing of the response. 
Several consecutive failures to respond to stimuli less than 90 seconds 
apart was taken as the end of an experiment with a given animal. With such 
a criterion, preparations usually lasted from 30 minutes to two hours, 
although sporadic responses would frequently persist for 12-24 hours longer. 
A response was taken to consist of deflection of the 
phototransistor to its maximum value (Fig. 3). The target location at the 
point of the response was computed by subtracting the distance between 
phototransistor Ph2 and the maximum deflection of Phj from the distance 
between Ph2 and the head (3.5cm). This represents the point at which the 
jaws were open to their maximum extent before the snap, and this is the 
value that was measured in most of the following experiments. 
For each individual, the mean response and standard error 
were first computed for every treatment, then the individual means were 
averaged to give the overall mean. This was considered to be legitimate 
since the number of trials for each target was approximately the same, 
as were the individual variances. Standard errors on figures represent 
the variation of individual means about the overall mean, and average 
individual variation is noted in the figure legends in cases in which it 
is greater than 1.5 mm. Specific experimental treatments and statistical 
tests will be included with the description of each experiment. 
Measurement of interommatidial angle and visual fields 
Interommatidial angles were measured by using the pseudopupil 
seen in the eyes of isolated heads prepared as above, a method commonly 
used for this purpose (Exner, 1891; Baldus, 1926; Franceschini and 
Kirschfeld, 1971). When a compound eye is illuminated obliquely, the 
observer sees a dark patch in which the scattered light is limited. 
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This dark area has two components: 1) the center of the spot is taken to 
be the facets which are on axis with the viewing microscope (Franceschini, 
1975) and appears dark because scattered light is excluded from the 
visual axes, and 2) the area around this center is dark because the 
scattered light is absorbed by shielding pigment. Because only the central 
facet is on-axis, and the size of the dark surround can change with eye 
curvature, it is important to measure pseudopupils at different angles 
from their centers rather than from their edges. 
1s 
4 5 cm-. --3.3 cm-• 
to head 
Ph1 Ph2 
Fig, 3: Chart recording of a typical trial, showing the movements of 
the jaws (upper trace) and the target (lower trace), The target moves in 
the direction of the arrow past Ph1 and Ph 2 , and by the time it has 
reached a distance from the head center corresponding to the point O, 
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the jaws have opened fully. Target approach velocity is calculated from 
the known distance between phototransistors and the time to travel from 
one to the other. With this approach velocity and the distance from the 
phototransistors to the head, the position of the target can be calculated 
at any point during the behavioral response from the record of the elapsed 
time. In this example, the jaws open (0) when the target is 11 . 9 mm away. 
The form of the response varies somewhat, and often includes several snaps, 
as shown. 
This technique is useful for visual field mapping since the 
facets looking at the microscope may be measured at different angles 
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by rotating the head. For these experiments, a gunsight (with rotation in 
two dimensions) was used as the rotation mechanism. The head was positioned 
such that both yaw and pitch were possible, and measurements were made of an 
50° x 40° 1·n the f 1 i f h area ronta port on o t e eye. 
Eyes were illuminated obliquely with a Nikon microscope lamp 
focussed on the head, and the pseudopupil was viewed with a Zeiss Stereo IV 
microscope and photographed on Kodak Tri-X film with a Zeiss C-35 camera. 
The head was mounted on a micromanipulator, and a constant 
relationship to the center of rotation during a course of measurements 
was maintained by fixing the microscope and keeping the image of the eye 
in focus with the micromanipulator. 
0 As a reference, 0 was defined as the location of the pseudopupils 
when they were positioned symmetrically in both eyes, that is, when the 
ant was looking straight ahead. Facets looking into the region of overlap 
have been designated positive, and those looking laterally were designated 
negative (Fig. 2B). 
Photographs were taken at 10° intervals in the frontal region 
of the eye, over which some chalk particles had been carefully blown to 
provide markers. The central facet of each pseudopupil was then marked on 
the photograph, and the number of facets or rows to the central facet on the 
0 next photo, 10 away, was measured. This formed a grid of facets looking 
at 10° intervals. Measurements of a small central area were taken on three 
f 1 h + 0.2
0 
animals, and since the standard errors o the means were ess tan -
in all positions, a more complete set of measurements was made on only a 
single animal. These have been plotted on a scanning electron micrograph 
of the same eye on which the measurements were taken as a sample map. 
Interommatidial angles were computed by dividing the measurement 
interval by the number of facet or rows, yielding the number of degrees/facet. 
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Scanning electron microscopy 
Heads were fixed in alcoholic Bouin's, dehydrated in acetone, 
critical point dried and coated with gold on a Polaron ESOOO sputter coater. 
They were then viewed on a Hitachi HHS-2R scanning microscope at low 
magnifications and photographed on Polaroid 52 fi lm. 
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RESULTS 
Whole animal behavior 
The use of an isolated head preparation in the following experiments 
is probably best understood in the context of the behavior of the intact animals. 
I have observed both freely moving ants in the artificial nest and tethered 
ones walking on a small styrofoam ball. No appreciable difference has 
been observed between freely moving and tethered animals except that 
tethered ants cannot make the small darting movements toward the target 
seen in freely moving animals. 
When a target is introduced into the visual field of a tethered 
bulldog ant, it responds with a fairly typical composite behavior. Such 
an animal will 1) stop walking and turn its head toward the object, 
2) follow the target with head movements and directional walking, 3) touch 
the target with its antennae if it is close enough, 4) explore the object 
with prothoracic legs and attempt to climb onto it, 5) stabilize itself by 
grasping the object in its powerful mandibles, and 6) flex its abdomen 
in an attempt to sting the object. 
This composite response is apparently executed in full only if 
the target is sufficiently 'interesting', and bulldog ants habituate rapidly 
with repeated target presentation. There are several opportunities for 
sensory stimulation in this sequence. First, the head movements and apparent 
fixation elicited by the target provide visual input. This may be accompanied 
by olfaction if the target has a scent. Tactile input would follow when 
antennae and prothoracic legs explore the target, or when the object 
contacts the large hairs on the mandibles which appear to be mechanoreceptors. 
The potential involvement of such varied inputs in the decision to carry 
the behavior through to the sting makes the full behavioral sequence a 
complex one. 
Jaw snapping in the isolated head preparation 
As described above, the isolated head preparation used in these 
experiments is an attempt to 'short circuit'some of the problems associated 
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with the full behavioral display by eliminating non-visual inputs. 
Excision of the antennae limits olfaction and tactile abilities, while 
removal of the body eliminates inputs from extremities and the preoccupation 
with escape seen in intact animals. The only non-visual input remaining is 
tactile information from the hairs on the mandibles. Although stimulation 
of these hairs will elicit snapping, the presentation of normal visual 
stimuli to a blind animal has shown their uninvolvement: without visual 
input, no snapping will occur unless the target actually contacts the jaws. 
The reduction of sensory possibility in the isolated head 
preparation thus appears to extract a major visual component from the 
complex multimodal prey capture/defense behavior seen in an intact animal. 
However, it must be noted that the separation of this piece of behavior 
from the system also frees it from the modulating constraints imposed by 
inputs from other senses. This can be a mixed blessing,since although the 
isolation of this preparation explains the release from phenomena like 
habituation, it also means that the behavior described below might never 
be seen in quite the same way in an intact animal. Interpretation must bear 
the modulating influences of other sensory aspects in mind. 
The behavior in this preparation is as follows: when a target 
approaches the head, the animal will open its mandibles wide, then snap 
them closed and either return them to the normal equally separated resting 
position (Fig. 2A), or snap again. The number of snaps is variable, and 
apparently depends on general arousal level. While the distance at which the 
snapping occurs is very constant for a given target, it varies in a 
predictable way with the characteristics of the target and its location in 
the visual field. 
The experiments performed to characterize the snapping response 
behaviorally were of two basic types. In the first group, response distance 
was correlated with variations in stimulus parameters such as size, velocity 
and greyness. The second group includes experiments in which the animal's 
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visual field was altered, both to compare monocular and binocular responses, 
and to test whether all areas of the visual field are equally involved in 
the snapping behavior. 
Effects of target size, velocity and contrast 
(a) Size. To determine the relationship between response distance and 
target size, rectangles of constant height and variable width were 
presented along the median axis of the animal at a constant velocity 
(1.8 cm/s ) in the stimulus arena described above. Variable width was 
used rather than variable height because preliminary experiments indicated 
that width may be a somewhat stronger stimulus feature than height. The 
interaction between height and width will be considered in more detail 
later. 
The effect of increasing width on the distance at which various 
stages of the snapping behavior occur may be seen in Fig. 4. Two positions 
of the jaws were measured in this experiment: the point at which the jaws 
are first fully opened in preparation for the snap, and the point at which 
they begin to close (see Fig. 3). The distance of the target from the jaws 
at any time could be measured from the relation between the target trace 
and the jaw trace on the chart recorder (see Methods). The fully open 
and the closing states of the mandibles can be measured by the phototransistor 
method described to± 0.5 mm, but clearly the position of the phototransistor 
at the point of the maximum excursion of the jaw does not permit an accurate 
measure of the moment at which the mandibles begin to open. 
This experiment shows that there is no size which elicits 
the snapping response optimally, nor is there a distance at which the 
response occurs independent of target size. Instead, there is a continuous 
linear increase of response distance with size, both for the fully open and 
the closing states. This is suggestive of an ambiguity between size and 
distance in this response. 
The difference in slope between the regression lines for the 
fully open and the closing states in Fig. 4 can be explained on the basis 
18. 
20 
" 
/ 
E 
<?/2/ E 
'-' 
(1) 2/ /' CJ C 
Ct$ 
/ ' ... 10 /? ./tn 
·-C /9 / 
(1) // !/+ 
tn / / / 
C: J ... / 
0 / 
C. 
(1) 
0:: 
0 
0 2 4 6 8 
Target Width (mm) 
Fig. 4: Open circles: plot of the distance from the target to the head at 
which the jaws are fully open for varying targe~ widths. Closed circles: the 
distance at which the jaws begin to close. Points are averages of 5 
experiments. All the targets are rectangular and 8 mm high. This shows that 
there is no optimum size or distance of the target; simply a proportionality 
between the two, and suggests that absolute distance judgements are not being 
made in this behavioral response. The lines are fitted by regressions 
calculated for the mean~ of trials for individual animals. These lines 
extrapolate to a position at zero target width corresponding nearly to the 
jaw tips (J), The implications of this apparen~ reference to the jaws and 
the uaequal slopes of the lines are considered in the text. Bars are~l 
standard error. 
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of the relative positions of the target in the visual field, and will be 
discussed later, as will the significance of the non-zero intercepts of 
these two lines with the distance axis. The fully open state is the most 
conveniently measured, and it has been used in all the following experiments. 
(b) Velocity. To test the snapping behavior for velocity dependence, 
a 6x6 mm square target was presented at velocities ranging from 0.6-3.0 cm/s 
in the same manner as above. The result, Figure 5, shows a constant decrease 
in the distance at which the "fully open" mandible state occurs. As in the 
size experiment, there is no optimum. Although velocities less than 
0.6 cm/s were technically impossible, this was considered unimportant 
since it is not likely that an optimum for a response concerning prey 
capture would appear at such a slow speed. Fig,5 suggests that the response 
is velocity insensitive except for a component that may be a function of 
the latency of the response. Latency could explain the inverse relation 
between velocity and distance, if several assumptions are valid. These 
assumptions are that the response must 1) occur when a given sized target 
is at a fixed distance from the head, 2) involve a fixed latency and 
3) exhibit a constant rate of jaw opening with target size and velocity. 
The latency calculated from these data is 120-140 msec. Although I feel 
that it is not unreasonable to suggest that the decrease in distance with 
speed is a result of latency, this suggestion must remain tentative until 
more data are available. 
Because there was no clear optimum velocity, all succeeding 
experiments were performed at 1.8 cm/second. 
(c) Contrast. As a pilot experiment to indicate the type and magnitude 
of the effects that target contrast might have on the snapping response, 
8 x 8 mm square targets in black, white and three intermediate greys were 
presented in the usual way. It must be noted at the outset that these 
measurements were not intended to rigorously measure contrast threshold, 
but were instead formulated to look for gross effects of target darkness 
on the response. 
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Fig. 5: Plot of the distance at which the jaws open fully (ordinate) 
in response to a 6 x 6 mm square target approaching at different velocities 
(abscissa), showing that there is no optimum velocity for the snapping 
behavior. Dotted line indicates the hypothesized response level with 
zero latency, if the response were triggered when the target is a fixed 
distance from the head. Bars are 1 S.E. of the individual averages 
of three animals. 
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Despite the usual diffuse lighting in the arena, the results 
(Fig. 6) indicate that even the white target was visible since the average 
response distance remained the same over the range of targets presented. 
However, the lighter targets did result in a significant increase in response 
variance (.01 level by F-Test), and a 32% drop in the average percent response. 
Comparison of monocular and binocular responses 
In order to test the role of binocularity in the snapping 
response, the vision in one eye was occluded by one of two techniques. 
At first, the entire eye was covered with white paint, but this method 
was discarded due to possible pharmacological effects,potential dark 
adaptation in the blinded side, and the inability to return to the 
binocular state as a control after bl i nding. A better technique was to 
glue a small bit of paper to the front of the eye with non-toxic glue, This 
covers the facets which can see the target, leaving the dorsal facets open. The 
paper could be removed after several monocular trials with no damage to the 
eye surface whatever. This reversibility allowed alternate trials of the 
monocular and binocular states, and usually experiments started and finished 
with the binocular state as a control. 
The occlusion of vision in one eye has a pronounced effect 
on the behavioral response. Only 14% of the animals which would behave 
binocularly continued responding to normal visual stimuli when one eye 
was prevented from seeing the target. When presented with rectangular 
targets in the same way as the binocular group, these monocular animals 
showed an average response distance comparable to binocular animals. 
However, the variance of the monocular group was increased significantly 
over the variance of the binocular group in almost every case (.01 level 
by F-Test, Figure 7), The other 86% of the animals tested would usually 
respond with normal snapping while binocular, cease all jaw movements in 
the monocular state, then respond again when the blind was removed (Fig, 8). 
Some of thislatter group would snap if they were observably 
aroused during the binocular trials or touched on the jaws. A higher than 
Fig. 6: Jaw opening responses to an 8 x 8 mm square target of 
differing brightness on a constant background in a qualitative 
test for gross effects of target contrast. 
~. The response distance remai ns similar for all targets, but 
variability is greatly increased in the lighter targets (significant 
to .01 level, F-Test) Bars represent l standard deviation, rather 
than standard error, to give an idea of the variance increase more 
readily. Average individual standard deviation: Target 1, 7.48mm; 
Target S, 1.93mm. 
B. Percent response (average of each individual's number of responses/ 
number of trials) to targets of dif f ering brightness. 
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Fig. 7: Plot of a comparison between monocular (A) and normal 
binocular (0) snapping responses in the same experimental situation as 
in Fig. 4. Binocular responses are redrawn from Fig. 4 with their 
regression line for comparison, but the points have been slightly 
displaced for clarity. Bars represent 1 standard deviation as in 
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Fig. 6. This is a measure of the variation within the population. The 
average individual standard deviation: monocular, 3.49mm; binocular, 1.72mm. 
Except for precision, there is no difference between monocular and 
binocular responses. 
Fig. 8: Six consecutive trials to illustrate the lack of 
snapping activity in monocular ant heads. Numbers 1,2,5 and 6 
show the responses in two normal binocular trials, between which 
two monocular trials were given, using a removable blind (3,4). 
Time is left to right, and downward movement of the trace 
indicates jaw opening. The line on the jaw record in each trial 
indicates the position of a reference phototransistor. 
24. 
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normal number of snaps and rhythmical snapping in between periods of 
stimulation was interpreted as evidence of arousal. Animals responding 
in this way appeared to be snapping at random in comparison with the 
clearly target related behavior of binocular animals. 
Localization of the input to the behavior within the v isual field 
25. 
To test whether all areas of the bulldog ant's visual field are 
equally involved in the snapping behavior, targets were presented at 
different angles to the median and horizontal planes of the ant head. This 
peripheral presentation of targets is unphysiological because the isolated 
head clearly cannot align the target as an intact animal would. However, this 
type of stimulation can act to give meaning to the alignment by 
demonstrating the changes which occur in the snapping response as regards 
both the response distance and the levels of responsiveness with 
peripheral stimulation. The effects described apply only to the 
snapping response, not necessarily to other aspects of the localization 
repertoire. For example, it is probable that the turning response would be 
very actively stimulated by this sort of peripheral target presentation. 
In the first group of experiments, each head was yawed about 
the normal axis to stimulate different areas of the visual field (Fig. 9A, B), 
The target was a rectangle 2 mm wide and 8 mm high so that only a small 
visual angle would be stimulated horizontally for the sharpest resolution 
of any sensitivity differences, while variations in sensitivity in the 
vertical dimension might be avoided by stimulating a relatively large 
visual angle. With binocular animals, this experiment demonstrates that 
in the horizontal dimension, both the distance at which the fully open 
jaw state occurred and the res ponsiveness (defined as percent response) 
are at a maximum when the animal is looking straight ahead. When the target 
approaches from either side, both response distance and percent response 
decrease, but not simultaneously. While responsiveness is still 100% at 10° 
off axis, the response distance is reduced to 75% of the maximum. This implies 
Fig. 9: Plot of snapping responses with the presentation of a 
rectangular target in the horizontal plane at different angles to the 
median axis as the head was yawed. Target dimensions were 2mm high 
by 8mm wide. A. Distance a t which the jaws are fully open with 
peripheral target approach, binocular ( 0), monocular (A). Only 
three of the five experiments were performed on monocular as well as 
binocular ants. B. Percent response calculated as in Fig.6 to 
targets approaching peripherally. Bars are 1 standard deviation. 
For clarity, monocular points have been slightly displaced laterally. 
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a gradation of sensitivity within the part of the visual field which is 
capable of producing a response. Target approach angles> 30° off the 
median axis yield no responses . Monocular response distance parallels that 
of binocular animals in magnitude (Fig. 9A), but as before (Fig. 7), shows 
a significantly greater variance and a lower percent response (Fig. 9B). 
A similar localization of receptive field has been made for 
the vertical dimension by pitching the head and so presenting the target to 
areas of the visual field above and below the horizontal plane (Figs. 10 A, B). 
The target for these experiments was a rectangle 8 mm wide and 2 mm high, 
used so that there would be adequate stimulation in the horizontal direction 
while vertical stimulation would be limited, with the same rationale 
as in the yaw experiments. In the vertical direction, sensitivity and 
responsiveness again appear to vary independently. Heads were positioned 
in as close a way as possible to the angle with the horizontal at which 
heads were observed to be held in freely moving animals. For reference, o0 
is defined as the facets which look straight ahead with orientation in 
this way. With practice,the positioning of the head is probably accurate 
to within 5°. . 0 Sensitivity peaks at -5 and then declines to a fairly 
0 
constant level by+ 15 , while responsiveness is held at maximum levels 
dorsally. 
Measurement of visual field and interommatidial angles 
The bulldog ant's frontal visual field was measured using the 
pseudopupil (see Methods) to provide information about the eye region 
involved in the behavioral experiments. 
When the pseudopupils in both eyes are lined up and the 
animal is looking straight ahead, it can be seen that the bulldog ant 
has a large region of binocular overlap (Fig. 11). The measurements 
0 described below have shown the visual field overlap to be close to 60, 
0 
or a crossover region of 30 in each eye. 
A higher magnification of the pseudopupil in the left eye (Fig. 12) 
Fig. 10: Snapping responses to a black target presented at 
different angles to the horizontal plane as the head was pitched. 
Target was 8mm wide and 2mm high. A. Distance at which the jaws 
of binocular animals are fully open with various angles of target 
approach. ~. Percent response under the same conditions. 
Bars represent 1 standard deviation. 
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1mm 
Fig. 11: Front view of a bulldog ant head showing symmetrical 
pseudopupils (dark area) as produced with oblique illumination (bright 
spot is the reflection of the light). The center of each pseudopupil 
0 looks straight ahead toward the observer (O ), and the extent of the 
binocular region can be seen as the part of the eyes between this 
point and the medial edge of the eye. 
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Fig. 12: A. Close-up of pseudopupil in the left eye at o0 , showing 
its general appearance plus the facet size and arrangement ln this 
region of the eye. 
30. 
B. 0 The same eye at -10. The other dark spots are accessory pseudopupils . 
Specks of chalk are used as markers, and the bars are 100 µm. 
shows that there is no region of larger facets in bulldog ants in the 
frontal region like those normally associated with a so-called "fovea" 
in other insect eyes (Collett and Land, 1975; Horridge, personal 
communication), Measurement of fifteen facets in the frontal region of 
the bulldog ant eye from a lOOx scanning electron mi crograph showed that 
they were 22.5 ± 0.5µm in diameter. 
The interonnnatidial angle over the frontal region was 
0 0 
measured for 10 blocks by dividing the number of facets/10 (Fig. 13). 
A map has been constructed from the pseudopupil measurements 
to show the grid of facets at 10° intervals in the frontal area of the 
bulldog ant eye (Fig. 14). It is shown plotted on a scanning electron 
micrograph of the same eye on wh i ch the measurements were made so that 
the areas involved might be visualized easily. 
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Relation between the behavioral results and the spatial projections of visual axes 
The behavioral experiments have thus far demonstrated that the 
size/distance relationship is linear, and that the input to the snapping 
response is localized in the frontal portion of the visual field. How are 
these behavioral results related to the visual fields of specific areas on 
the retina, and can a group of facets be identified as the trigger zone 
for the snapping response? 
In an attempt to answer these questions, projections of the 
visual axes into space were constructed from the pseudopupil measurements. 
For simplicity, these have been drawn as slices of the visual field rather 
than as a complete three dimensional representation. The lines of sight 
0 for the horizontal dimension have been drawn at -5 (see Fig, 14), taken as 
0 0 the average of the measurements at O and -10. This is the area of 
maxi.mum sensitivity in the vert i cal dimension as shown in the pitch. 
experiment (Fig. 10). 
In the preparation of these projections, changes in 
interonnnatidial angle have been incorporated in the calculations of local eye 
Fig, 13: Interommatidial angles (6~ ), in different regions of the 
bulldog ant eye. Measurement points refer to the same coordinates as 
the eye map (Fig. 14), and histograms represent the average 
0 interommatidial angle in the 10 interval between measurement points. 
Bars are 1 S.E. in the area where measurements were made on three 
animals. Other measurements were made on a single animal. 
A, Interommatidial angle (6~h) taken horizontally atong rows at 
different vertical levels, shown in degrees in each box. 
B, Vertical interommatidial angle ( 6~ ), measured similarly, 
V 
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Fig. 14: The frontal region of the left eye of the bulldog ant. 
The pseudopupil measurements taken in this region have been plotted 
on a scanning electron micrograph of the same eye on which the 
measurements were taken. Points represent the center of the pseudopupil 
at each measurement point. Dotted lines are the planes at which the 
projections of the visual axes into space were taken (see text and 
Figs. 15-18), and the eotted area is the group of f acets thought to 
be involved in triggering the "fully open" state of the snapping 
response. Specks of dirt on the micrograph are used as markers . 
JJ. 
radius R, by means of the trigonometric approximation e d C d 0 
ra -R 
Transposing and changing radians to degrees yields R c 57,3d where 
e 
d = the linear distance between measuring points on the corneal surface, 
0 = the angular interval between measurements, and 57.3 is the correction 
factor when changing from radians to degrees. In this way, the optical 
radius in different angular directions changes with interommatidial angle. 
In Figure 15, the rectangular targets used in the size experiment 
have been plotted in both the open and closing jaw positions (cf. Fig. 4) 
on the horizontal projection at the appropriate distances. With the hypothesis 
that the left eye looks at the right target edge and vice versa, the fully 
open state can be seen to occur consistently with the intrusion of the 
target edges into the visual field of the facets which look from 16.6° 
to 23.5° into the binocular region. Account i ng for response variability, 
this is the width of 3 facet rows. Similarly, the closing state could be 
correlated in this way with edge position about from+ (23.5° - 29°), the 
width of 2 facet rows. Attempts to correlate the left side of the target 
with visual fields of the left eye produces no such consistent correlation 
with facet borders, since in that case, the response zone for each target 
is different. The implication that the edges of the target may be the 
relevant stimuli is considered in the discussion. 
There are three important points to be made in reference to the 
relationship between the location of different sized targets and the spatial 
projection of visual axes shown in Fig. 15. (1) The snapping response 
does not occur with constant angular subtend of the target as measured in 
the usual way from the center of the head . The line in Fig. 15 
shows how the expected arrangement of t he targets would be if a constant 
angular subtense from the head center was being measured. This angular 
subtend line clearly does not fit the data with the consistency of the 
lines of sight from the 3 facets looking from+ 16.6° to+ 23.5°, suggesting 
that measurement is made from the eye, not the head center, as one might 
expect anyway since the eye is the measurement tool. The difference between 
Fig, 15: Horizontal projection of the visual axes of the bulldog ant 
0 
into space, taken at 3 facet intervals, in a vertical plane of -5 
(see Fig. 14), The head is a scale drawing based on a scanning electron 
micrograph, and details like the mandibular hairs have been omitted 
for clarity. The optical projections from the corneal surface take 
into account the differing interommatidial angles in different regions 
(see Fig. 13). Angular values for each line of sight are indicated for 
the left eye only. Two positions for the rectangular targets used 
in Fig. '• have been superimposed on the visual projections. 
the distance of the targets when the jaws are fully open 
-------- the distance at which the jaws begin to close for the same 
targets. Dimensions given near the targets are in mm, and the bars 
a~ the lower e~ges of each target indicate 1 S.E. It can be seen that 
the "opening" response to all targets occurs when the target edge is in 
0 0 the region of the visual field of either eye from +16.6 to +23.5 • 
In these experiments, the edges are actually aligned within the field 
of view of a single row of facets. Targets fall into a "visual cone", 
the boundaries of which are noted on the figure by ellipses for the 
two eyes. Similarly, "closing" falls into a cone bounded by the row 
0 0 
of facets from +24 to +26.5 . The visual cones for both opening 
and closing may be considered to refer back to the point at their 
vertex; for opening, around point O, and for closing at a point near 
point C. -.-.-.: this line running from the head to the 8mm target 
indicates where the targets might be expected to lie if angular subtense 
from the center of the head were being measured. The poor fit to the 
target edges is taken as evidence against this. 
JS . 
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the lines of sight from the eye and angular subtend from the center of 
the head is a result both of eye displacement from the midline and 
variation in interommatidial angle. 
(2) Fig. 15 may also provide an explanation for the non-zero intercept of 
the regression lines relating size with distance in Fig. 4. Why should 
a target approaching zero width be thought to produce a response at 5.5 mm 
from the center of the head, and not at the center itself? The answer may 
lie in the point to which the lines of sight of the critical facets refer, 
i.e. those whose borders the target has just crossed at the moment of 
response. Examination of Fig. 15 suggeststhat the t a rgets are arranged to 
lie within a "visual cone" with boundaries formed by facets looking from 
16.6° to 23.5° into the region of binocular overlap. If one were to assume 
that the boundaries were trigger zones, a hypothesis which will be discussed 
in more detail later, the zone can be seen to approach zero width at a 
point near point 0, approx imately 5 mm from the center of the head, and very 
near to the end of the jaws. Similarly, the visual cone for the "closing" 
state converges to a point well within the grasp of the jaws, near point C. 
I would like to suggest that these intersections with the midline are 
reference points for the lines of sight which extend into space, and even 
to suggest that stimulation of these facets anywhere in space, in the 
appropriate conditions, may lead an object to appear to be located at the 
reference point. This makes good functional sense. The opening of the jaws 
occurs when an object is apparently just out of reach, and the jaws start 
to snap closed when the object appears to be well within grasping range. 
(3) Reference to Fig. 15 may also provide a clue as to why the regression 
lines for the opening and closing jaw states seen in Fig. 4 are not parallel. 
Because of the divergence of the lines of sight in the visual field, if there 
are two separate triggers, it is clear that the large targets must travel 
a greater distance when going from the line of sight of the "trigger" facets 
for opening to the sight of those which may trigger closing. 
0 
The vertical projection has been drawn for a line through 20 
in the horizontal dimension, corresponding with the location of the facets 
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which look at the target edges in Fig . 15 (see Fig.14 ) . Plotting the 
same rectangles from the "open" state in Fig . 4, on the vertical 
projection (Fig. 16), yields no consistent relation between target position 
and visual axes like that seen in the horizontal dimension. This implies 
an interact i on between the horizontal and vertical dimensions such that 
vertical size has less impact on the response mechanism than horizontal size. 
This hypothesis has been substantiated by pilot experiments in which: 
1) identical rectangular targets elicited a response at a closer distance 
with the long axis vertical than horizontal, and 2) square targets with 
heights from 3-10 mm produced the same responses as rectangular targets 
of an 8 mm standard height. 
The results of the yaw experiment have also been plotted on 
the horizontal projection in Fig. 17. The relationship between the visual 
projection and the decrease in response distance occuring with peripheral 
target approaches appears to be a complex one and is not well understood 
at the present time. With a "trigger" region like that which is consistent 
with the data presented in Fig . 15, one might expect that peripheral targets 
might elicit a response at greater distances than they have here, since 
their edges would intersect the trigger region when they are further away 
than would those of an object on the midline. However, because of the 
alignment of the object on the midline which occurs in the normal situation, 
this type of asymmetric stimulation must be considered as a special case, 
for which an explanation may be found either in some sort of inhibitory 
interaction between facets in each eye, or in an interaction with another 
system like that which would generate a turn response to this sort of 
stimulus in a freely moving animal. Further experimentation with edges and 
contrast-reversed targets may help to elucidate the mechanism of sensitivity 
gradation in terms of target edge movement, and the exact dimensions of the 
sensitive zone. 
Although the mechanism remains unclear, the decreased response 
distance in the visual periphery in the horizontal dimension may be seen 
Fig. 16: Vertical projection of the visual axes at 3 facet intervals 
taken at +20° (see Fig. 14), and drawn in the same way as Fig . 15. 
The rectangular targets from the "open" position of the jaws (see 
Figs. 4, 15) have been plotted at the appropriate distances to show 
that target height appears to have little effect on the response 
in comparison to target width. Target size: mm; bars: 1 S.E. of 
0 
the response distance. The line of sight f or O is indicated on the 
basis of how freely moving ants hold their heads, but is uncertain 
to t he extent of ±5°. 
--
2,.8 
38 . 
+15°------
------~- +10°------------
s,.8 
-18.5° 
----
8,c8 
oo __ _ 
-5.4°-
-10.8~ 
Fig. 17 : The same horizontal projection of visual axes as seen 
in Fig . 15, plotted with the results of the experiment testing 
peripheral stimulation (Fig . 9) . The approach radii of the targets 
are indicated by dotted lines, and by the numbers placed near each 
target. 
Fig . 18: The same vertical projection seen in Fig . 16, with the 
results of the pitch experiment (see Fig. 10) superimposed. For all 
except -5° and -10° (indicated by--------), the approach radii are, 
coincidentally, the same as the visual axes, since both are at 5° 
intervals. 
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to be meaningful in rela tion to the jaw anatomy. In ord r to actually 
grasp an approaching object, the ant has to go through the preliminary 
opening of the jaws in time to be able t o close the jaws again just at 
40 . 
the moment the object comes into reach. If opening is delayed too long, the 
snap is mistimed. In these experiments wi th peripheral stimulation, 
the target has been seen to actually run into the head before the jaws 
had a chance to close. This is not adaptive, and makes the midline 
orienting behavior functionally meaningful . Why respond when the object 
is s o far peripheral that the jaws cannot grasp it? 
In Fig. 18, the results of the pitch experiment (Fig . 10) have 
been plotted on the vertical projection . This clearly illustrates the 
marked increase in response distance at -s 0 , and appears more straightforward 
than did the corresponding figure for peripheral stimulation in the 
horizontal dimension (Fig . 17) . It should be noted that although the 
heads were aligned by eye to approximately the same relation with the 
horizontal as seen in freely moving animals, the orientation could be in 
b So. error y ± 
Sources and magnitude of res pon~e variation 
Variation in the measured response distance can result either 
from differences between animals and their behavior or from measurement errors. 
Because of the small distance fluctuations which can result, variability 
must be considered when making an estimate of the extent of the trigger area . 
Variation in arousal sta tes of both intact bulldog ants and the 
isolated heads has been fr equently observed, but not quantified. Variations 
which may be cyclic with time courses of 4-6 weeks appear to be present 
in the population as a whole, and although these variat i ons have not been 
strictly quantified, due to the short time period and s mal l number of 
animals sampled, they appear to be able t o produce distance variations of 
up to 2 mm . Because this type of variability a ppears to affect all animals 
similarly , it leads to a systema tic error within any experiment. Variations 
between individuals are accounted for in the standard errors computed for 
each experimental point. 
Measurement error can arise either in the estimation of target 
location or in the estimation of jaw movement. With the phototransistor 
technique, target location can be measured to ±0.Smm. Distance variations 
due to variable location of the phototransistor in relation to the jaws 
are not more than ±0.25mm. 
The variation in the system, both biological and mechanical, 
makes the measurement of the absolute distance at which the response 
occurs difficult. However, even with the magnitude of variation descri bed 
here, the trigger for the response (cf. Fig. 15) still falJswithin a 
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group of three rows of facets. Further experimentation on the quantification 
of variability, especially that due to variable activity levels, will 
be necessary to define the limits of the trigger area more precisely. 
This area is identified on the eye surface in Fig. 14. More experimentation 
is required to delimit the vertical boundaries of this hypothesized 
trigger area. 
I 
DISCUSSION 
It is of great interest to know the degree to which insects 
can localize objects in space, and what mechanism or combination of 
mechanisms might make such localization possible. 
42. 
The experiments described above provide evidence that the 
bulldog ant cannot judge distance solely on the basis of primary visual 
cues. In addition, binocularity appears to provide the bulldog ant with 
no fundamentally different sensory ability from that available in the 
monocular state, contrary to what would be expected in a system utilizing 
some sort of binocular parallax. Instead, the ambiguity between size and 
distance seen in M. gulosa can perhaps be explained more simply by the 
relationship between the targets and the lines of sight of 3-4 rows of 
"trigger" facets. 
This discussion considers several questions of relevance to 
these results: 1) What are absolute distance judgements, and is there 
any evidence that insects make them? 2) What is the function of binocularity 
in the localization behaviors thus far described? 3) What is the evidence 
from this and other studies for functional retinal specialization of the 
sort invoked here? 4) What sort of mechanism could explain the ambiguous 
size/distance result described in these experiments, and S) What role might 
this type of behavior have in an intact animal's ability to locate objects, 
and how might secondary cues augment it? 
Distance judgements: Absolute or ambiguous? 
The topic of absolute distance judgements is a complex one, 
and the ability to make such judgements is often confused with the 
sensation of three dimensional depth elicited by the mechanism of retinal 
disparity in vertebrate stereopsis (Ogle, 1950, 1962; Barlow et al., 1967). 
However, in higher mammals, stereopsis is a "sensation of the third dimension" 
(Ogle, 1962a), and can provide only relative depth information (Ogle, 1962b; 
Baldus, 1926). Absolute distance cannot be measured stereoptically except 
in the situation in which a part of one's body is within the small area 
I 
of stereopsis near the fixation point (Ogle, 1962b).Absolute distance 
judgements in higher mammals like cats, primates and humans probably 
arise therefore from an integration of information from a variety of 
secondary cues which may be reinforced by stereopsis (Ogle, 1962b), 
If the disparity mechanism operates in lower vertebrates, it may be of 
a coarser nature and offer a sense of 3 dimensions in a broader area 
43. 
around the fixation point, or even in the whole field (P.O. Bishop, personal 
communication). Although such whole-field stereopsis could provide 
distance information, there is at present no evidence for it in any 
vertebrate, 
The utilization of stereopsis as a possible mechanism for 
distance judgements in insects has tempted several authors (Baldus, 1926; 
Friederichs, 1931), Howev~~. the important conceptual distinction between 
the sensation of depth and the judgement of distance has often not 
been made , and because no insect has as yet been shown to see depth, the 
discussion of stereopsis as a mechanism is inappropriate. 
Although Baldus (1926) realized that stereopsis provided only 
relative depth discrimination in man, and he and others (Friederichs, 1931; 
Wigglesworth, 1972) discount the possibility of stereopsis in insects, the 
main reason seems to be that insects lack a fixation point which can be 
altered by convergence movements,not that distance judgements do not 
necessarily follow from stereopsis . Despite the dismissal of stereopsis as 
a mechanism, the search for a single visual mechanism providing absolute 
distance judgements continues in Baldus (1926) and Friederichs (1931) who 
articulate a theory of ommatidial intersection points as a means of judging 
distance, a theory which will be considered in more detail later. 
But are insects capable of unambiguously judging the distance 
of a single object in the visual field without the aid of secondary cues 
and/or assistance from other sensory modalities? Of the range of behaviors 
which occur with stimulation by distant objects,the attack component is 
perhaps the most closely related to the problem of whether absolute visual 
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distance judgements are being used by insects. 
A test of the ability to make absolute distance judgements requires that 
basic visual cues be separated from both secondary cues and information from 
non-visual modalities. The isolated head preparation used here allows 
this separation. In these experiments, the constant relation seen between the 
edges of the rectangular targets and the lines of sight of several rows of 
key facets with target approach on the median axis suggests that different 
sized targets are not discriminated. Equal responses to small close 
targets and large remote ones indicates that although binocular vision 
improves the chances that the animal will behave, the bulldog ant does not 
possess a mechanism for absolute judgements of distance in the stimulus 
conditions of these experiments. With the assumptions that an animal would 
limit attacks to occasions when the object was within reach if it could, 
the presentation of different sized targets may be the most revealing 
test of the ability to make absolute distance judgements. With this 
criterion, it appears that neither the bulldog ant nor the other insects 
examined to date can judge distances absolutely . 
Data available on the predatory attacks of Aeschna larvae 
(Odonata, Baldus, 1926) and Cicindela (Coleoptera, Friederichs, 1931) 
substantiate the finding that visual distance judgements in insects are 
probably not absolute. In both these cases a large object far away and a 
small nearby object elicit similar grabbing responses in binocular animals. 
Despite this, both Baldus and Friederichs concluded that strikes only occur 
when the object is actually within reach, on the basis of experiments with 
live prey of nearly uniform size. Although the size dependence is clearly 
present, it appears to have been largely ignored. Unfortunately, the targets 
presented in the experiments on mantid attacks also utilized live targets 
of an approximately equal size (Maldonado and Barros-Pita, 1970), and so 
it is not possible to compare the mantid on this point. 
However, other experiments with mantids hint at an ability to 
make distance judgements in the so-called "deirnatic response", a defensive 
display (Maldonado et al., 1970), In those tests, binocular mantids 
began to display at the same distance from either large or small birds. 
Although the deimatic response is slightly removed from the category 
of prey capture behaviors, and involves a distance range 10-20 times 
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that of the strike, this behavior is of interest because it is the only 
case in the literature in which different sized targets elicit responses 
at approximately the same distance, Unfortunately, no mechanism is 
offered by Maldonado et al. for this behavior except to say that it is 
binocular, which is no mechanism at all (see next section), and its 
status as an actual distance judgement is still somewhat unclear. 
Of the four possible distance judgement mechanisms outlined 
by Collett and Land (1975) for hoverfly, only size was considered to 
provide useable cues. Of the alternatives, focus was eliminated because 
of the extraordinary depth of field of insect ommatidia. Disparity, 
defined by these authors as the image shift due to object projection onto 
the binocular area, was eliminated because the sampling of space by facets 
in Syritta at the distances used is too wide to provide enough information 
with the shifts in distance which occur. Movement parallax was dismissed 
for lack of evidence. By maintaining the image of the chased fly at a 
constant size on the retinae, the chasing hoverfly can follow at the 
desired distance fairly accurately(± 10%). The use of image size on 
the retina can provide absolute distance information only as long as the 
size of the object whose distance is to be measured is constant. The 
localization of objects of different sizes by this mechanism is impossible, 
unless the animal involved somehow recognizes and is programmed for objects 
of different sizes. 
The available evidence suggests, therefore, that distance 
judgements independent of object size do not appear to be made by insects, 
except for the case of the mantid deimatic response which is as yet 
incompletely described. 
The role of binocularity in the localiza tion behaviors of insects 
"Binocular vision" is a term which seems to carry a large 
burden of implied mechanism. However, bi nocularity is not a mechanism in 
itself, and to say that binocular vision is necessary to a behavioral 
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act does not tell how it works. Strictly speaking, the utilization of 
binocular vision can mean no more than seeing with two eyes. Binocular 
vision is not a synonym for stereopsis, nor does its use necessarily imply 
an ability to judge distances absolutely. 
These qualifications on the meaning of the term "binocular 
vision" are necessary here because the bulldog ant and the other insects 
discussed above appear both to be unable to judge distances absolutely, 
and to require binocular input for normal behavioral performance. The 
elimination of binocular vision affects behavior in these insects by 
reducing both the initiation and accuracy of a variety of components 0 ~ 
the localization repertoire, including strike attempts. Examples of these 
effects in bulldog ants and other insects are considered below. 
In bulldog ants, both these effec ts occur, with a significant 
reduction in the initiation of snapping, and an increase in response 
variance in 100nocular animals (Figs. 7, 9). An effect on levels of 
activity has also been reported for the praying mantis, in which the 
numbers of preparatory leg movements, strikes and complete deimatic 
responses are severely reduced in both completely monocular animals 
and those deprived of sight in one fov ea (Maldonado and Barros-Pita, 
1970; Maldonado, 1970), 
Binocularity also appears t o play a role in the turning behavior 
of mantids (Maldonado and Rodriguez , 19 72 ). A binocular mantis will turn 
toward a moving object while it is at a much greater distance than wi ll 
a monocular animal, in which the response a ppears to depend only on 
angular size of the object, as measured from the head center. Stationary 
objects, however, produce responses dependent on angular size in both 
binocular and monocular animals. This illustrates that binocularity is 
I 
-an advantage in this behavior only if an object is moving, and Maldonado 
and Rodriguez suggest that binocular vision may provide an increased 
sensitivity to motion. 
The so-called "deimatic response" in mantids also shows 
pronounced differences in both activation and response quality in 
binocular and monocular animals. Monocular animals exhibit a greater 
than normal percentage of incomplete responses, accompanied by a high 
incidence of the "monocular cleaning reflex" (Maldonado, 1970), In 
addition, as discussed before, binocular mantids will display at nearly 
equal distances from large and small birds, while the monocular behavior 
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~ is strongly size dependent (Maldonado et al., 1970). Aeschna larvae and Cicindela 
are both able to initiate behavior monocularly as long as the object is 
first presented to an area which can see it, but their strike accuracy 
is affected. When presented an object, these animals will turn, attempt 
to align the object on the median plane and move toward it. Often, 
however, the object is run over, either because it is lost from view 
(Friederichs, 1931) or perhaps because the distance estimation which is 
made incorrectly places the prey at too great a distance (Baldus, 1926), 
Even if located, prey objects are usually not taken directly by these 
animals, and initial snapping attempts are frequently made beside the 
prey (Friederichs, 1931). This is true for any combination of painted 
areas which deprives the animal of vision in one of the key overlap areas, 
An interesting aspect of these affects on capture accuracy is that they 
can eventually be compensated for by some central mechanism. Baldus (1926) 
reports that a monocular animal will eventually learn to capture prey as 
effectively as it once had binocularly. 
In attempting to interpret these results, binocular vision may 
be thought of as providing two types of potential benefit: (1) binocular 
parallax could conceivably provide qualitatively different sensory 
information from that possible with one eye alone, or (2) two eyes might 
simply provide more input than one. In interpretation, is it necessary 
I 
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or even applicable to invoke a mechanism which leads to a qualitatively 
different sensory possibility in the binocular state, or is the additional 
amount of input received from eyes an adequate explanation? To answer this 
question, one must first consider the viability of the two main ways in 
which binocular vision has been thought to provide qua litatively 
different sensory input in insects from that available monocularly. The 
first possibility is a system of binocular parallax, akin to stereopsis, 
As discussed above, this possibility has been eliminated for insects. 
The second is an internal "program" of where various ommatidia intersect 
in space. This could conceivably provide an absolute scale, and has been 
hypothesised by Baldus (1926), Friederichs (1931) and Burkhardt (1975). 
The hypothesis that ommatidial intersection points could 
provide an absolute yardstick for distance measurements is at first 
glance a much more plausible and appealing possibility than is stereopsis,However, 
in addition to the fact that this mechanism was applied initially by 
Baldus and Friederichs to animals which, as described above, were not 
even making distance judgements, the intersection theory is an inadequate 
and inappropriate explanation for existing data for two reasons : 
(1) In Burkhardt's (1975) theoretical discussion of distance judgements 
via ommatidial intersection, it is clear that an object must be very 
close in order for its distance to be gauged with reasonable accuracy. 
Because of the divergence of ommatidial axes, the density of intersections 
falls sharply with distance from the head. Th:re are simply not enough 
sampling points to judge distance reasonably except at very small distances~ 
According to Burkhardt, the optimum distance is equal to half the 
interocular separation. For most insects, the limited range would render 
such a system unusable. For example, the interocular distance for an 
insect the size of a mantid is probably not more than 4 mm, yet objects are 
being attacked at distances of the order of 10-20 mm (Maldonado and 
Barros-Pita, 1970). On these grounds, the intersection theory clearly 
could not explain the apparent discrimination of large and small birds 
I 
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at 20 cm by mantids performing deimatic responses (Maldonado et al., 
1970). 
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(2) The second and most important inadequacy of the intersection theory 
is that it proposes the midline as the locus of measurement (Baldus, 1926; 
Friederichs, 1931; Burkhardt, 1975). This means that for the theory to 
be true with the alignment occurring in these behaviors, the center of 
the target, rather than its edges, must act as the response trigger. 
Clearly, the center of a homogenous black target provides no change in 
light intensity to the receptors looking in its direction as it moves 
forward. With no signal, how can there be a discrimination of position? 
Even though a live prey object would have some detail in the center which 
could provide a certain amount of modulation of signal in the facets 
directed to the midline, the magnitude of the intensity changes in 
the center would probably not approach that seen near the edges. In a 
system in which every maximization of the available signal is desirable, 
the advantage of the edges over the center for triggering purposes is 
apparent. 
In addition, neurophysiological and behavioral evidence also 
suggests that the edge of a target is a much more powerful stimulus than 
is its center. In their study on the effects of contours on the responses 
of single striate neurons in cat, Bishop et al. (1971) state that "Edges, 
borders and contours are among the fundamental variables underlying form 
perception since it is only by reason of its border that a figure is 
seen at all." The responses they recorded in cortical units showed spike 
discharges as each edge of a target passed across the receptive field, and 
silence as the center passed. Clearly, the center of a homogenous black 
target contains very littl e information of relevance to these neurons. 
Unfortunately, similar electrophysiological recordings of small-field 
units in insects is scanty at present (McCann and Dill, 1969). Where 
available, the behavioral evidence is quite convincing that edges and 
contours are the relevant stimuli in a number of insect behaviors (edge 
I 
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fixation, Varju, 1975; contours and pattern detection, reviewed by Wehner, 
1975). 
The present study with bulldog ants substantiates the 
hypothesis that edges provide the stimulus which is actually used to 
trigger behavior. Snapping appears to be elicited when the edge of a target 
of any size crosses the line of sight of the small group of facets in 
either eye which looks into the region of overlap at +16° to+ 24° 
to the midline (see Fig. 15), while the centers of the different targets 
show no consistent correlation with any visual parameter, since the 
center of every target is observed by a different pair of facets (Fig. 15). 
To summarize, the advantage of binocular vision probably 
does not reside in the provision of a qualitatively different view of 
the world since: (1) depth perception via binocular parallax or 
stereopsis does not necessarily provide for absolute distance judgements, 
and cannot be operative in insects due to the lack of a moveable fixation 
point, and (2) judgement of absolute distance by means of an internally 
programmed "knowledge" of the distances at which symmetrical ommatidia 
intersect on the midline would work only at too close a range, and requires 
the center of the target to provide the relevant stimulus in the face of 
strong evidence that the edges are much more powerful stimuli. 
However, the strongest criticism of the application to existing 
data of these hypothesized "binocular" mechanisms of distance judgements 
must be that there is no proof, except for the long range mantid deimatic 
response, that distance judgements independent of object size actually occur. 
Therefore, since binocularity is clearly involved in the localization 
behaviors described above, two eyes must provide an advantage to the insect 
other than a qualitatively different view of the outside world. 
Perhaps the simple idea that the amount of sensory input is 
halved in a monocular animal could provide an adequate explanation for 
the behavioral modifications occurring in monocular bulldog ants and 
other insects. The reduction of input to the central nervous system 
• 
resulting from blinding one eye could affect both accuracy and activity 
levels. The effects on accuracy of halving the number of sampling points 
could explain both the increased variability seen in monocular bulldog 
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ants, and the misjudgements made by monocular Aeschna larvae (Baldus, 1926), 
and Cicindela (Friederichs, 1931), 
Activity reductions would follow blinding if binocular 
interaction was required either to satisfy coincidence requirements of a 
neural 'AND' gate, or simply to provide enough input to satisfy less 
specific threshold requirements. In the latter case, additional input 
from other systems, like the mandibular hairs in bulldog ants, might 
be enough to exceed threshold and evoke the response. Such a model fits 
the monocular ant behavior quite well, since in most cases, only those 
monocular preparations which appeared especially aroused or were touched 
on the jaws would snap. Perhaps an inability to meet requirements of 
threshold might explain the reductions of activity in the mantis 
as well. However, this hypothesis must clearly remain tentative until 
electrophysiological studies on these behaviors are available. 
Although perhaps the idea that binocular vision really 
just doubles the amount of input rather than providing an exotic third 
dimension may seem pedestrian to some, it appears to be the most suitable 
interpretation of the data available to date. 
Retinal specialization: the'~unctional fovea" 
The correlation between behavioral and optical measurements 
in this study has provided evidence that 2-3 fac e t rows in the binocular 
region of the bulldog ant eye (looking from +16°- 24°, Figs. · 14,15) may be 
the major determinant in triggering the snapping behavior. Without 
exception, the other prey capture behaviors reported in the literature also 
involve a small retinal area in an almost identical position to that found 
for bulldog ant (Baldus, 1926; Friederichs, 1931; Maldonado and Barros-Pita, 
1970; Levin and Maldonado, 1970). The reduction of response distance and 
percent response in the visual periphery reinforces the hypothesis that 
I 
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the receptive field for the snapping behavior is truely localized in 
bulldog ant . This result is similar to the response decreases seen in fixed 
mantids with peripheral stimuli (Maldonado and Barros-Pita, 1970) . 
In other studies, the use of freely moving animals has precluded peripheral 
stimulation, because an animal which can move will always align the object 
on the midline (Baldus, 1926; Friederichs, 1931), 
In Aeschna larvae, attacks appear to be triggered by facets 
which look into the region from+ 22° to+ 46° (Baldus, 1926) to the midline. 
In experiments with different sized targets, Baldus also showed that the 
number of facets simulated in this region remained nearly constant over 
target sizes ranging from 0.5mm2 to 9mm2 . Only with enormous squares 
was there an increase in the number of facets stimulated. This provides 
evidence that except for extremely large targets, approximately equal 
angular size was maintained in the region of retinal specialization, 
Cicindela require lateral stimuli to initiate turning, 
forward stimuli to initiate running, and stimuli from+ 24° to+ 46° 
to execute appropriate attack behavior (Friederichs, 1931), Animals deprived 
of lateral and forward vision can still attack prey if it is placed on 
the midline, but cannot locate a prey object at greater than usual 
distances. This illustrates that these behaviors, while normally sequential, 
are not interdependent in a serial fashion. 
Mantids similarly require stimulation of a specialized area to 
initiate attack behavior. Maldonado and co-workers (Barr6s-Pita and 
Maldonado, 1970; Levin and Maldonado, 1970) have shown nicely that strike 
behavior will proceed as normal if the so-called "fovea" is left unpainted, 
regardless of the number of adjacent facets which have been eliminated. 
If the "fovea" is covered, no number of open ommatidia will restore the 
behavior. This qualifies as true specialization, and not just a function 
of numbers of ommatidia available for stimulation. Maldonado also found 
that a partially blinded animal will strike if the target is appropriately 
I 
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placed, despite an inability to initiate turning and alignment. 
Studies on a wide range of other behaviors have also corre lated 
restricted areas of the retina with a localization of behavior in the 
visual field. It should be noted that the location of these zones appears 
to vary to suit the requirements of each behavior. As examples, the ant 
Cataglyphis bicolor has been shown to have an area in the dorsal retina 
specialized for the detection of sky polarization (Duelli, 1975), the 
male hoverfly has a region in the frontal field specialized for maintenance 
of proper chasing distance (Collett and Land, 1975), the fly Musca 
fixates stripes only in the lower portion of the visual field (Reichardt, 
1972), the crab has a region of increased optomotor sensitivity in the 
lateral retina (D. Sandeman, personal communication), and bees have highest 
contrast sensitivity in the ventral retina (Wehner, 1972). 
In only one of these behaviors is the functional region 
morphologically distinct as a region of larger facets (hoverfly: Collett 
and Land, 1975). But such regions can be found in other insects, and may 
have effects on resolution and/or acuity (Horridge, personal communication), 
although there is no behavioral evidence for actual usage of these areas 
at present, 
The utility of a "functional fovea" seems fairly straightforward. 
First, a localization of connections for specialized behaviors makes good 
sense from the standpoint of economy in small nervous systems. Why wire 
the entire eye for a complex behavior if a small area will serve as well 
or better? The types of small field, unique higher order cells required for 
such regional specificity are not without precedent on anatomical grounds. 
Strausfeld (1976) has described two such fibers in fly. One, located in the 
lobula plate, receives input from the dorsal region of binocular overlap, 
and one in the lobula receives input mainly from the ventral portion of 
the binocular zone. Since there is one of each fiber type on each side 
it is likely that this type of neuron would be the sort to converge onto 
a higher order binocular integrator if servicing a system of binocular 
I 
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vision like the one described here. 
The other advantage of a specialized area is to place the 
insect's body in an appropriate position for execution of the behavior in 
question. If preparing to attack an object, it is clearly advantageous to 
have the trigger for capture lined up with the end of the capture 'equipment', 
be it jaws, labium or legs. In this context, a specialized area could 
serve both in alignment and in directing the system when to start the 
attack. 
A possible mechanism for the snapping behavior 
We have seen so far that in the context of the simple stimulation 
available in these experiments, (1) the isolated bulldog ant head does 
not appear to judge absolute distance, (2) that the edges of a target are 
probably more important than its center, and (3) that the role of 
binocular vision may be to provide adequate amounts of information to 
the central nervous system rather than to function in a sophisticated 
system involving binocular parallax. How might this information be fitted 
into the formulation of a potential mechanism for this behavior? 
The very close correlation between the edges of the different 
sized targets at the distance leading to the "fully open" jaw state and 
the facet rows looking from about +16°to +24° into the region of overlap 
suggests very strongly that these facets act as triggers for opening the 
jaws. Similarly, Figure 15 suggests that when the targets travel a few mm 
0 further, they cross the boundaries of facets looking from +26 to about 
0 +29 , and the closing of the jaws is triggered. The evidence therefore 
suggests that there are actually two separate trigger zones, rather than 
a fixed time interval between opening and closing. 
Whether these trigger zones are one or several facet rows wide 
is unclear at present due to response variation, but for the "opening" 
trigger, a width of three facet rows (from +16.6° to 23.5° on Fig. 15), 
would include over 90% of all trials recorded, and two facet rows should 
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be sufficient for the 11closing11 trigger, The exact vertical limit of the 
zones has not been set at present. The hypothesized trigger zone for 
"opening" is shown on the eye map in Fig. 14. 
It is important to suggest again that the trigger zone appears 
to be located such that the vertex of the visual cone in which responses 
occur is at the jaw tips, not at the center of the head. This would 
explain why the regression lines for the size/distance response do not 
go through the origin as measured from the head center (Fig. 4). They 
would go through zero if it were placed at the end of the jaws. This 
makes good functional sense, since neither the eyes which measure the 
object, nor the jaws which grasp it are at the head center, so why 
use that as a reference point for angles or distance? 
The data available suggest that the trigger system based 
55. 
in the two retinal areas shown in Fig. 14 has the following characteristics: 
(1) It is motion sensitive, and responds to changes in illumination, 
either from the edges of a moving target passing into the receptive field, 
or from abrupt intensity changes in a small aperture light focussed on 
the eye (Via, unpublished). In fact, these preliminary experiments 
performed on a gross level with a microscope lamp suggest that changes 
in illumination of restricted areas of the retina may be a powerful tool 
in future investigations of this problem. Substantiating this, the data 
of Robertson (1971) indicate that intact animals respond much more 
strongly to a moving object than to a stationary one. The motion 
sensitivity seen in bulldog ants agrees with observation of the prey 
capture behavior of Cicindela, which will not respond to a prey object 
unless it is moving (Friederichs, 1931). 
(2) Although this system is motion sensitive, it is not necessarily 
velocity dependent (cf. Fig. 5). 
(3) Directional selectivity is also not necessarily required, since 
in these experiments, bulldog ant heads have been observed to respond 
to a retreating as well as to an advancing target, as long as its edges 
were within the critical zone (Via, unpublished). 
(4) Binocular interaction via a coincidence gate or limiting threshold 
may explain the low performance level of monocular ants; and the high 
monocular variability may be due to halving the number of sampling 
stations which look at the target. 
Implication of size-dependent snapping: The necessity of secondary cues 
in the localization of objects by intact animals 
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The inability of the bulldog ant head to resolve the ambiguity 
between size and distance in a simplified visual environment may seem 
a contradiction in an animal which, as any observer of M. gulosa will 
attest, is an exceptionally able predator. It must be remembered, 
however, that these experiments were not designed to describe the full 
localization complex, but rather to assess the basic capability of 
bulldog ants to perform distance judgements solely on the basis of 
primary visual cues in an environment in which sensory possibility 
was limited. It is less likely, therefore, that the apparent inability 
to localize objects is a fault of the ant's nervous system than a result 
of the method of analysis used by physiologists seeking to separate 
components of a system in order to understand them. 
When other sensory cues are available, both visual and 
non-visual, the primary visual trigger for the snapping behavior 
described here is almost certain to be modulated and augmented by 
information from other channels, resulting in a refined behavior and 
the limitation of snap attempts to objects which are sufficiently 
stimulating and within reach. Illustrating the range of sensory components 
involved in aggressive behavior in intact bulldog ants, Robertson (1971) 
reports that foragers "attack under the influence of visual, odour and 
tactile stimuli emanating from the prey itself". What then are the 
details of the additional cues potentially available to intact animals? 
Secondary visual cues known to be involved in vertebrate 
I 
distance estimation are perspective, overlay, light and shadow, motion 
parallax, blurring of images and relative height (Ogle, 1962). Of these, 
only movement parallax has been noted in insects. It has been invoked 
in Drosophila (Wehner and Horn, 1975); in the locust (Wallace, 1959), 
movement parallax has been assumed to be the major mechanism of distance 
judgements although the evidence is at best suggestive. In mantids, the 
possibility of motion parallax as a secondary cue has been dismissed 
(Maldonado and Rodriguez, 1972). Other secondary visual cues from the 
list above may be involved, however, and this possibility should be 
investigated. 
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In an insect in the complexity of the natural sensory landscape, 
non-visual sensory modalities al.most certainly play a role in the 
determination of the unequivocal nature and location of a potential prey 
object. Olfaction is potentially one of the most important non-visual 
cues to ants, both in communication through pheromones, and in the 
identification of prey objects (Wilson, 1963, 197~). Both the odor of 
the prey/enemy and pheromones produced in the process of stinging influence 
the attack behavior of M. gulosa in foraging and defense situations 
(Cavill and Robertson, 1965; Robertson, 1971). Haskins et al.(1973) found 
that containers of formic acid placed in or near the nest would readily 
release stalking and seizure behavior, even between workers. The antennae 
appear to be major sensory structures in M. gulosa both because of their 
olfactory capability and their tactile involvement in the attack repertoire 
(Vla, unpublished). Antennal loss in bulldog ants appears to result in a 
marked increase in activity (Via, unpublished). 
Bulldog ants are very sensitive to vibration (Via, unpublished), 
and it is possible that they may use this sense both as a gauge of object 
mass, and for localization of an object's position. 
It is apparent that the range of sensory cues that could be 
involved in this behavior is large, and that the characterization of the 
snapping responses of the isolated head described here can only be regarded 
I 
as a first step in a more complete understanding of how these components 
are organized into the complex localization behavior seen in wild ants. 
Further investigation outwards, into the behavior of intact animals 
which have progressively greater sensory possibility, and inwards, into 
the central neuronal mechanism generating 'the behavior, will serve to 
place the results of this study into a meaningful context in the system 
as a whole. 
Electrophysiological possibilities 
The use of isolated heads appears to make the bulldog ant a 
very promising preparation for the simultaneous investigation of the 
snapping behavior and the electrical activity which underlies it. If 
the ant contains specialized higher order neurons which receive input 
from only a limited retinal area, like the giant unique lobula and 
lobula plate interneurons ~trausfel~ 1976), it might be possible 
to study this behavior on almost a single cell level while the 
behavioral response is actually being executed. This might allow one to 
trace the binocular integrator, if there is one, and to determine how 
it functions. The bulldog ant could also be a very good preparation 
in which to see how the activity of central neurons can be modulated 
by sensory inputs of other modalities, i.e. from the olfactory lobe, 
and/or from mechanoreceptors on jaws and antennae. 
58. 
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